Presbyopia is an age-related loss of accommodation of the human eye that manifests itself as inability to shift focus from distant to near objects. Assuming no refractive error, presbyopes have clear vision of distant objects; they require reading glasses for viewing near objects. Area-divided bifocal lenses are one example of a treatment for this problem. However, the field of view is limited in such eyeglasses, requiring the user to gaze down to accomplish near-vision tasks and in some cases causing dizziness and discomfort. Here, we report on previously undescribed switchable, flat, liquid-crystal diffractive lenses that can adaptively change their focusing power. The operation of these spectacle lenses is based on electrical control of the refractive index of a 5-m-thick layer of nematic liquid crystal using a circular array of photolithographically defined transparent electrodes. It operates with high transmission, low voltage (<2 V rms), fast response (<1 sec), diffraction efficiency > 90%, small aberrations, and a power-failure-safe configuration. These results represent significant advance in stateof-the-art liquid-crystal diffractive lenses for vision care and other applications. They have the potential of revolutionizing the field of presbyopia correction when combined with automatic adjustable focusing power.
T he use of nematic liquid crystals to implement switchable lenses has been proposed previously but had limited success for ophthalmic applications (1) . Hybrid liquid-crystal refractive lenses incorporating convex and concave substrates have been demonstrated (2, 3) . However, the large thickness of the liquidcrystal layers (Ͼ400 m) make their response and recovery times long and their transmission low because of optical scattering. To reduce the thickness of the active layer, surface relief Fresnel lens substrates have been proposed (4) . However, in this geometry the lens is optically active in the electrically off-state, which is not desirable for ophthalmic applications where a loss of electrical power could suddenly result in near-vision correction during a critical distance vision task such as driving. In other approaches, thin uniform layers of liquid crystal were used, and refractive lenses were produced by the use of discrete electrodes (5), continuous highly resistive electrodes (6) , or spatially distributed electric fields (microlenses) (7) . However, in these lenses either the range of focal length or their small diameter made them unsuitable for ophthalmic applications. We employ a photolithographically patterned thin diffractive lens with large aperture, fast response time, and a power-failure-safe configuration to overcome these limitations. Although high-efficiency liquid-crystal-based diffractive devices have been demonstrated for beam-steering (8, 9) , less effort was given to the development of switchable diffractive lenses. The diffraction efficiencies of the lenses achieved for imaging (10) (11) (12) (13) (14) (15) and other applications (16, 17) were too low to meet the requirements of ophthalmic applications. Fig. 1a compares the shape (phase profile) of a refractive lens (dashed line) with an ideal diffractive lens (dotted line). The diffractive lens is produced by removing the multiple 2-phase retardation from the refractive lens, resulting in multiple Fresnel zones. The phase jump at each zone boundary is 2 for the design wavelength. The outer radius of each zone is given by (18) r m ϭ ͱ2mf, m ϭ 1, 2, . . . , M,
where m is a counting index that refers to successive Fresnel zone starting in the center, is the wavelength, and f is the focal length. To digitize the process, the continuous phase profile in each zone is divided into multiple subzones with a series of discrete phase levels (19) (''staircase'' structure; Fig. 1a ). The outer radius of each subzone is given by
where L is the number of phase levels per zone, and n is the counting index of the individual phase levels. Diffraction efficiency increases by increasing the number of subzones L, reaching maximum values of 40.5%, 81.1%, and 95.0% for lenses with two, four, and eight phase levels per zone, respectively.
Diffractive lenses with eight subzones, 10-mm diameters, and focal lengths of 1 and 0.5 m (ϩ1.0 and ϩ2 diopter of add power, respectively) were demonstrated at the peak of the human photopic response, 555 nm. The schematic drawings of the electrode pattern and the fabrication procedure are shown in Fig. 1 b and c, respectively. Using photolithographic techniques, concentric and rotationally symmetric transparent indium tin oxide electrodes (50 nm in thickness), whose radii were determined by Eq. 2, were patterned on a float-glass substrate. A 1-m gap was required between adjacent electrodes to maintain electrical isolation and ensure a smooth transition of the phase profile introduced by the liquid crystal. Over the patterned indium tin oxide, a 200-nm-thick electrically insulating layer of SiO 2 is sputtered and into which small via openings (3 ϫ 3 m) were etched, allowing electrical contact to be made to the underlying electrodes. An electrically conductive layer of Al is subsequently sputtered over the insulating layer to fill the vias and contact the electrodes and patterned to form eight independent electrical bus bars (6-m wide within the lens). Each bus bar connects the discrete phase level electrodes of equal counting index n in all Fresnel zones (as shown in Fig. 1b ) such that only eight external electrical connections (plus one ground connection) are required per lens.
The patterned substrate, as well as an additional substrate with a continuous indium tin oxide electrode that acts as the electrical ground, were spin coated with poly(vinyl alcohol) to act as liquid-crystal alignment layer. The alignment layers were rubbed with a velvet cloth to achieve homogeneous alignment, and the two substrates were assembled. The commercial nematic liquid crystal E7 (Merck) was used as the electro-optic medium and was filled by capillary action into the empty cell at a temperature above the clearing point (60°C) and then cooled at 1°C͞min to room temperature. The cell then was sealed with epoxy and connected to the drive electronics. The drive electronics consist of custom-fabricated integrated circuits that contain eight independently controlled output channels. Each channel generates a modified square waveform with variable peak-to-peak amplitude between 0 and 5 V.
Results
The lens showed excellent performance (because of space limitations, we only describe the results for the 1-diopter lens). In the optically inactive state (voltage off) in which the lens has no focusing power, optical transmission is 85% over the visible spectrum, a value that can be increased by the use of ophthalmic quality substrates and antireflection coatings. Monochromatic (543.5 nm) polarized microscopy images of the lens under operation (see Methods) indicate that all eight electrode sets operated properly and provided discrete phase changes (Fig. 2a) . Eight optimized drive voltages with amplitudes between 0 and 2 V rms produced a maximum first-order diffraction efficiency of 91%, near the 95% predicted by scalar diffraction theory. The measured diffraction efficiency as a function of lens area (see Methods) reaches 94% near the center of the lens, decreasing monotonically as the area is increased (Fig. 2b) . The decrease is due to the fact that phase distortion caused by the fringing field at the zone boundaries has more significant effect at the outer zones as the width of each electrode becomes smaller. At the edges of the electrodes, the electric field lines are not perpendicular to the liquid-crystal lens substrate, and the fringing fields cause the phase transitions at the zone boundaries to be not as sharp as in the ideal case, thus inducing phase distortions and reducing the diffraction efficiencies (20, 21) . The focused spot size is Ϸ135 m, which is also close to the diffraction-limit value of 133 m. The lens shows subsecond switching time.
Interferometric measurements at 543.5 nm (see Methods) show excellent imaging capability of the lens. Strong modulation of the optical power is observed in interferogram of the lens in the optically active state (Fig. 2c) . The unwrapped phase map of the lens is shown in Fig. 2d with a peak-to-valley optical path length of 23.05. The focusing power was estimated to be 1.002 diopter, in excellent agreement with the design value. Very good spherical profiles were obtained in both x and y cross sections, indicating small aberrations. Higher-order aberrations were estimated by analyzing the difference between the measured wavefront and a best-fit spherical wave and tilt (Fig. 2e) . The peak-to-valley range of the difference is 0.241, and the rms value is 0.039, which is comparable with a high-quality reading glass. The modulation transfer function (MTF) indicated near diffraction-limited performance (Fig. 2f ) . All properties of the lens, as shown in Fig. 2 , make the switchable lens suitable for ophthalmic applications.
To test the imaging properties of the lens, a model human eye was constructed by using a fixed, ϩ60 diopter achromatic doublet glass lens and a monochrome charge-coupled device (CCD) with a filter to match the human photopic response. Because homogeneously aligned nematic liquid crystals are polarization sensitive, two lenses with orthogonal alignment directions were used in series to create a single polarizationinsensitive lens. Two such lenses were aligned and cemented together. To simulate a typical near-vision task such as reading, a double-element lens was placed in front of the model eye and used to image a test object illuminated with unpolarized white light placed 30 cm in front of the lens. As can be seen in Fig. 3a , the model eye has insufficient power to form a sharp image, but by switching on the diffractive lens the image is brought into focus (Fig. 3b) . The double-element lens has excellent optical transmission. To test the imaging performance of the lenses with actual human subjects, a pair of test spectacles has been constructed (Fig. 4) , and initial clinical results agree well with the model eye test. When the electro-optic lenses are both in the inactive state, there is no noticeable degradation in the quality of the distant vision. For chromatic aberration, an achromatic diffractive lens can be designed by introducing p2 (p Ͼ 1, integer) phase jump at the zone boundaries for the design wavelength (22) . In practice, the ocular lens itself has a chromatic aberration that is less than the diffractive lens. Assuming the brain is adapted to a certain degree of chromatic aberration, balancing the dispersion of the diffractive lens and the eye is less desirable. More clinical study needs to be performed on this aspect.
Conclusion
In conclusion, we have demonstrated switchable liquid-crystal diffractive lenses with high diffraction efficiency, high optical quality, rapid response time, and diffraction-limited performance. These flat lenses are highly promising to replace conventional area division refractive, multifocal spectacle lenses used by presbyopes. They have the potential of revolutionizing the field of presbyopia correction when it is combined with automatic adjustable focusing power. Negative focusing powers also can be achieved with the same lenses by changing the sign of the slope of the applied voltages. The use of these lenses is not limited to ophthalmology but can be extended to numerous other applications including dentistry where switchable lens elements with relatively large diameters are desirable.
Methods
When the device is fabricated, various optical characterizations are performed. Polarized Microscopy. A computer-interfaced polarized optical microscope with a laser source at 543.5 nm was constructed on the optical bench and used to inspect the lenses on a microscopic scale and verify that all electrodes were operating properly. The lens was placed between crossed polarizers where the transmission axes were oriented at angles of 45°and Ϫ45°with respect to the liquid-crystal alignment layer rub direction. For each position on the lens, the intensity seen by the charge-coupled device camera is a function of the voltagedependent phase retardation (V) between the ordinary and extraordinary wave components at the exit surface of the lens. The voltage dependent transmission between crossed polarizers [T(V)] is given by
where the transmission is a maximum when (V) ϭ and a minimum when (V) ϭ 2 (23) . Therefore, the voltagedependent phase retardation of each electrode can be inspected by observing the intensity variations over its area.
Measurement of Diffraction Efficiency. Diffraction efficiency is the amount of light intensity that goes to a particular diffraction order compared with the sum of intensities in all of the diffraction orders. To determine the efficiency of the first diffracted order, a linearly polarized 543.5-nm laser beam was expanded to a diameter of 10 mm and allowed to pass through the active area of the lens. The power of the beam was measured in the focal plane with the lens inactive (total power) and then again with the lens activated (diffracted power). The ratio of diffracted power to total power is the diffraction efficiency. A small aperture in front of the detector was used to isolate the first-order light when the lens was activated, and as all measurements were made down-stream of the lens, they were automatically corrected for Fresnel losses. To measure the diffraction efficiency as a function of lens area, a variable aperture (positioned concentrically with respect to the lens) was placed in front of the diffractive lens to control the size of the beam. The diffraction efficiency then was measured as the diameter of the beam was increased from 3 to 10 mm in 1-mm increments.
Interferometric Testing and MTF Calculation. The performance of the diffractive lenses also was evaluated by using a computerinterfaced, phase-shifting Mach-Zehnder interferometer with a linearly polarized 543.5-nm laser source (24, 25) . The lens under test was placed in the object arm of the interferometer and then imaged onto a charge-coupled device camera such that the captured interference patterns were formed by the converging wavefront generated at the exit face of the lens and the reference plane wave. A small aperture was placed between the imaging lens and the camera at the point of focus to isolate and test only the wavefront generated by the first diffracted order. Multiple ͞2 phase shifts were generated in the reference arm by using a piezoelectric transducer actuated mirror, and a phase unwrapping algorithm then was used to generate a phase map of the diffracted wavefront. From this unwrapped phase map of the wavefront immediately behind the diffractive lens, the focal length ( f ) of the diffractive lens is calculated by using
where OPD is the peak-to-valley optical path difference from center to edge, and is the radius of the test area (26) . Because the lenses were designed for operation at 555 nm but tested at 543.5 nm, correction of the extracted focal length value was made by f͑͒ ϭ f 0 0 ,
where f 0 and 0 are the design focal length and wavelength, respectively, and is the measurement wavelength (27) . Measurement of the peak-to-valley and rms errors in the wavefront were made subsequent to removing the best-fit sphere and any tilt from the phase map. The imaging performance of the lens can be evaluated in terms of MTF, which represents the ratio of the image modulation to the object modulation at all frequencies. The wavefront of the first-order diffraction can be expressed by a sum of Zernike polynomials (28) , and the MTF thus can be calculated by normalized autocorrelation of the generalized pupil function (26) .
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